Drug resistance in Mycobacterium tuberculosis (M. tuberculosis) complicates management of tuberculosis. Efflux pumps contribute to low level resistance and acquisition of additional high level resistance mutations through sub-therapeutic concentrations of intracellular antimycobacterials. Various efflux pump inhibitors (EPIs) have been described for M. tuberculosis but little is known regarding the mechanism of efflux inhibition. As knowledge relating to the mechanism of action and drug target is central to the rational drug design of safe and sufficiently selective EPIs, this review aims to examine recent developments in the study of EPIs in M. tuberculosis from a rational drug development perspective and to provide an overview to facilitate systematic development of therapeutically effective EPIs. Review of literature points to a reduction in cellular energy or direct binding to the efflux pump as likely mechanisms for most EPIs described for M. tuberculosis. This review demonstrates that, where a direct interaction with efflux pumps is expected, both molecular structure and general physicochemical properties should be considered to accurately predict efflux pump substrates and inhibitors. Non-competitive EPIs do not necessarily demonstrate the same requirements as competitive inhibitors and it is therefore essential to differentiate between competitive and non-competitive inhibition to accurately determine structure activity relationships for efflux pump inhibition. It is also evident that there are various similarities between inhibitors of prokaryotic and eukaryotic efflux pumps but, depending on the specific chemical scaffolds under investigation, it may be possible to design EPIs that are less prone to inhibition of human P-glycoprotein, thereby reducing side effects and drug-drug interactions.
Introduction
Microbial drug resistance is fast becoming a significant risk to global public health. With the emergence of the human immunodeficiency virus (HIV) epidemic, tuberculosis (TB) was re-established as one of the most dangerous communicable diseases of our time. Treatment of TB is hampered by the development of multidrugresistant (MDR) and extensively drug-resistant (XDR) TB. Drug resistance in M. tuberculosis can be intrinsic or acquired. Intrinsic resistance is attributed to the unusual structure of the mycobacterial cell wall as well as the natural abundance of efflux pumps (EPs) limiting the intracellular accumulation of various classes of antibiotics [1] [2] [3] . Acquired resistance can usually be attributed to mutations in chromosomal genes. It has been established that mutations responsible for the resistance to various drugs are often not linked and that multi-drug resistance is not due to a single genetic mutation but rather a result of a combination of multiple different mutations [4] . It is however possible that a complex association exists between mutations associated with one drug and the development of further resistance mutations [1] . Chromosomal alterations or deletions can affect the drug target, bacterial enzymes that activate/ inactivate the drug and influx or efflux of drugs into/from the intracellular environment [2, 4, 5] .
EPs contribute towards intrinsic and acquired mycobacterial resistance through their natural abundance, inducible expression and development of mutations that enhance efflux activity [2, 3] . Active efflux reduces the intracellular concentration of substrate compounds to sub-therapeutic levels thereby directly conferring resistance to the given substrate and chemical properties. A number of studies successfully suggested SAR or employed computer based drug design of EPIs in bacteria where crystal structures for EPs are available [14] . The limited availability of crystal structures for EPs (particularly in M. tuberculosis), large structural diversity of putative EPIs, indiscriminate inhibition of a range of EPs by similar EPIs and limited knowledge relating to the specific interactions with EPs or even EPI mechanism of action, complicates rational drug design of EPIs [12, 13] . Thus far, authors have employed ligand-based drug design approaches or homology modelling of efflux pumps to suggest preliminary SARs for EPI activity in M. tuberculosis [23, 26, 27] .
Efflux-mediated resistance and the development of EPIs is an ongoing research interest of various research groups and original research and review articles are regularly published in this field. In prokaryotic cells, and mycobacteria in particular, there however seems to be a gap in investigations and reviews into the mechanism of action of efflux pump inhibition [3, 17, 28, 29] . One could argue that whole cell phenotypic screenings of compound libraries have been, and remain, effective identifiers of antimycobacterials [23] and EPIs, and that information relating to specific mechanisms of action or inhibition of efflux is not essential for this method of drug discovery. Rational drug development, as an alternative (or contributor to the aforementioned approach), could produce therapeutically active compounds that demonstrate suitable host pharmacokinetic properties, acceptable safety profiles and possibly exhibit reduced tendencies for development of resistance. As knowledge relating to the mechanism of action and drug target is central to the rational drug design approach, this review aims to examine recent developments in the study of EPIs in M. tuberculosis from a rational drug development perspective and provide an overview/platform to facilitate systematic development of safe and therapeutically effective EPIs.
Efflux pump inhibitors in Mycobacterium tuberculosis
Various confirmed and putative EPI have been evaluated in M. tuberculosis over the past 2 decades. A paper by Kourtesi and colleagues describe a number of assays employed in the screening of EPI activity in bacteria [12] . A popular phenotypic assay for possible efflux inhibition in mycobacteria is administration of the putative EPI with known antimycobacterials and assessment of the reduction in MIC or fold potentiation of the antimycobacterial. Some studies build on this MIC assessment by characterizing EPs that are overexpressed in the specific strains under evaluation and more recently performing fractional inhibitory concentration indices (FICI) assays that predict possible synergism between the putative EPI and the substrate in question. Researchers also utilize ethidium bromide (EB) and other fluorescent efflux pump substrates or dyes in functional assays of EP activity in mycobacteria. It is however pertinent to note that (1) reduction of the MIC or synergism observed with antimycobacterials may be obtained by mechanisms other that EP inhibition; (2) characterization of overexpressed EPIs does not confirm that the compound under evaluation interacts with all/any of the pumps identified; (3) EB assays measure accumulation of EB which reflects the balance between cell wall permeability and efflux activity and it may therefore be difficult to distinguish by which mechanism the compound under evaluation influences the accumulation of EB. However, when viewed together, these assays give a good indication of the likelihood of EP inhibitory activity and may indicate possible EP targets of the compound under evaluation. It is also important to note that extensive variation exists in the expression of EPs in different strains of M. tuberculosis and that experimental conditions, the substrate being evaluated and the concentration [30] of the EPI being used, to a large extent influences the activation of EPs and inhibition of efflux. That being said, Table 1 provides a general classification of the more prominent putative EPIs that have been used in-or evaluated for activity in EPI assays in M. tuberculosis.
Mechanisms by which efflux is mediated
Various mechanisms have been suggested for EP inhibition in prokaryotic cells. Interference with energy required for active efflux of substrates feature prominently but a direct interaction with efflux pumps, likely competitive inhibition, has also been suggested.
Energy for many cell processes including the activity of active transport systems is dependent on the ability of the cell to maintain transmembrane potential and generate and use ATP [31, 32] . Any compound that targets the electron transport chain and interferes with energy production of a cell directly affects cell viability but may also interfere with the ability of the cell to actively extrude compounds from the intracellular environment, thereby increasing the intracellular concentration of coadministered compounds [8, 22] . Proton motive force is the direct energy source for all secondary active transport pumps but also plays an important part in the production of ATP as utilized by the ABC super family to drive active efflux. The ability of a cell to maintain membrane potential is vital to generating sufficient PMF and energy for cellular processes. As transmembrane electrochemical potential is a function of the electrostatic or charge difference (electrical gradient) as well as the concentration difference of specific ions (chemical gradient) across the cell membrane, the action of ionophores, but also ion channel blockers, influence cellular energy levels [22, 31, 33] . Compounds that inhibit metabolic enzymes that yield hydronium ions required for the maintenance of PMF may also affect efflux in a similar fashion [20] .
Various current and prospective antimycobacterials target the generation of proton motive force and ATP [8] and a number of putative EPIs have also been shown to deplete cellular energy [8, 34, 35] . As there are many similarities in the mechanisms of generation of cellular energy across cell types, selective toxicity to the cells that are targeted is a significant concern in the use and future development of therapeutic agents that utilize this mechanism of action. Even though protonophores are used as EPIs in some in vitro assays, their indiscriminate mechanism of action and/or host toxicity at doses required to inhibit efflux complicates (but does not exclude) development of these and similar compounds into viable therapeutic options [36] . Ion channel blockers instead, interact with specific channels to alter physiological movement of ions across membranes. Although blockage of ion channels may influence membrane potential and generation of cellular energy [22] as do protonophores, the mechanism by which this is achieved is more specific and eases systematic development of compounds with selective toxicity in cellular energy depletion. Depending on their potency and the role of the pumps being influenced, ion channel inhibitors could have direct antimicrobial activity and/or act synergistically with anti-mycobacterials as part of combination therapy [35] .
Alternatively, a direct interaction with efflux pumps has also been suggested as a mechanism of action for efflux pump inhibition. This type of inhibition could be competitive or non-competitive in nature. Non-competitive inhibition could block access to substrate binding cavity or interfere with efflux pump conformation through interaction with an alternative binding site. In the case of competitive inhibition, the inhibitor would likely occupy the same binding cavity as the substrate. It could therefore be postulated that molecular and physicochemical properties for these competitive inhibitors may overlap with substrates for the specific efflux pump.
The molecular mechanism of action for substrate recognition and subsequent efflux depends on the efflux pump type, likely with additional variation between various pumps in that category, and within different species of bacteria. Fundamentally, the substrate would migrate or gain access to the efflux pump binding pocket and interact with various amino acids within this binding site, thereby initiating a change in conformation of the protein domains(s) with resulting extrusion of the substrate from the cytoplasm. The rate and extent of efflux would amongst others depend on the availability of energy (PMF or ATP) to drive active efflux. In certain efflux pump types, protonation or deprotonation of a number of ionizable amino acid residues within the various pump domains likely play a role in the extrusion process [9] . The suggested good recognition of amphiphilic compounds as substrates of efflux pumps may point to the need for both lipophilic interactions between the substrate and the binding cavity residues with hydrophobic side chains as well as interactions with residues with polar or charged side chains. The latter may influence the extent of ionization of various amino acids and thereby directly link to changes in the efflux pump conformation. Depending on the importance of ionic or polar interactions in efflux function as well as substrate and inhibitor recognition, the pKa of the compound and pH of the immediate environment may affect efflux to a greater or lesser extent. The non-specific nature of substrate recognition by a number of efflux pumps may result from the involvement of different residues within the binding pocket in the binding of diverse substrates [9, 14, 25] . Although there may be overlap between species and efflux pump types, the exact nature of substrate-efflux pump interactions and proceeding conformational changes are specific to an efflux pump and the particular substrate (or inhibitor) involved. These interactions are often investigated in silico where crystal structures of the efflux pump proteins are available [14] . It should also be possible to successfully predict interactions with the use of carefully constructed homology models. The lack of crystal structures and homology models for efflux pumps in Mtb thus largely contribute to limited knowledge pertaining to the molecular mechanism of action of EPIs in Mtb.
Competitive inhibition has been demonstrated for various P-glycoprotein inhibitors in mammalian cells as well as for inhibitors of a number of efflux family types in bacterial cells. In M. tuberculosis a direct interaction with efflux pumps has been suggested as a mechanism of efflux inhibition for verapamil [27] and piperine [26] . Both publications suggest that the altered efflux activity of mycobacterial cells observed in the respective assays is due to an interaction of the evaluated derivatives with the MFS-type efflux pump Rv1258c. In M. tuberculosis Rv1258c has been extensively implicated in drug resistance to various antimycobacterials [27, 37] .
Verapamil analogues
Verapamil is an inhibitor of L-type voltage dependent calcium channels and is used clinically to manage hypertension, cardiac arrhythmias, angina pectoris and cluster headaches [33, 38] . It is a phenylalkylamine derivative with one chiral carbon yielding the two stereoisomers, R-and S-verapamil (Fig. 1) . Clinically, verapamil is administered as a racemate even though different therapeutic properties and potencies have been described for the respective enantiomers [39, 40] .
The ability of verapamil to block efflux pumps across cell types has been well described in literature. Numerous studies have demonstrated that verapamil blocks efflux pumps in M. tuberculosis and is able to decrease resistance to-and reduce the minimum inhibitory concentration of various antimycobacterials [27, 29, 30 41, 42] . Verapamil inhibits efflux of several structurally unrelated compounds, seemingly extruded by both ATP-dependent and a range of proton motive force driven efflux pumps.
The mechanism of prokaryotic efflux pump inhibition of verapamil has not been fully elucidated. Some studies suggest a direct interaction with efflux pumps [27] while others propose a depletion of energy required for active efflux by ion channel inhibitors in general [18, 28, 29, 34] . Verapamil is an amphipathic molecule with a tertiary amine which is protonated at physiological pH (pKa 9.68 Chemaxon). As is the case with local anaesthetics with similar physicochemical properties, accumulation of verapamil within the lipid membrane may increase membrane permeability and interfere with the function of membrane proteins [43] . It has been suggested that the natural substrate pool for SMR and MFS efflux pumps comprise largely out of amphipathic cations [21] which may point to a certain extent of competitive antagonism of efflux. It is thus possible that the mechanism of efflux inhibition may be a combination of the methods suggested above and that the experimental conditions, cell type, the substrate as well as specific EPs expressed and activated may to a large extent determine the mechanism through which efflux is inhibited.
Cellular Energy
An article recently published by Machado and colleagues confirmed EPI activity of a range of therapeutic ion channel blockers (verapamil, chlorpromazine, thioridazine, flupenthixol and haloperidol) in an EB efflux assay in M. tuberculosis [35] . Of the compounds evaluated, verapamil showed the most potent inhibition of efflux. The same study demonstrated that these compounds resulted in a rapid reduction in intracellular ATP levels in M tuberculosis. This depletion in energy could result from interference with membrane potential and generation of ATP. It might be worth noting that, in addition to interference with membrane potential, compounds that interfere with calcium movement and transport (e.g. verapamil and phenothiazines) may interfere with calcium dependent generation of energy from hydrolysis of ATP and thereby activity of efflux pumps [28, 34] .
Direct Interaction with Efflux Pumps
The use of verapamil as a chemosensitizer in multi-drug resistant cancer cell lines has been extensively studied. The suggested mechanism of action in eukaryotic cells is via competitive antagonism of efflux through irreversible binding to the pglycoprotein transporter. Studies suggest that efflux pump inhibition is likely independent of calcium channel blocking activity [44] . In M. tuberculosis, Adams and colleagues demonstrated that, despite their reduced cardiac activity, R-verapamil and norverapamil (pKa 10.29 Chemaxon) were as effective as verapamil in reducing macrophage-induced drug tolerance in an infected macrophage model. This would suggest that the mechanism of reversal of drug tolerance is not directly linked to the mammalian calcium channel activity of verapamil analogues [30] .
Although many studies were able to characterize specific EPs that were overexpressed in M. tuberculosis strains where verapamil was able to reduce the MIC of-or reverse resistance to antimycobacterial agents (see Table 1 ), few studies have demonstrated a direct interaction with any of the overexpressed EPs. One of these studies by Singh and colleagues evaluated the effect of verapamil and analogues on the MIC of rifampicin in M. tuberculosis. The authors suggested preliminary structure activity relationships for the interaction of verapamil with the efflux protein Rv1258c [27] that encodes for a secondary-active transporter from the major facilitator superfamily. Singh and colleagues synthesized a series of verapamil analogues and calculated fractional inhibitory concentration indices (FICI) to evaluate possible synergistic activity of these compounds with rifampicin against the laboratory strain H37Rv. Docking studies, using a validated homology model of Rv1258c, were performed with the derivatives demonstrating the best synergistic activity (7d, Fig. 1 , FICI = 0.3 versus verapamil FICI 0.5) and the binding affinity and residue interactions of 7d was compared to that of piperine, reserpine and verapamil. The authors were able to demonstrate favourable interactions with Rv1258c binding sites and multiple interactions with a combination of residues that also featured in the binding of verapamil, reserpine and piperine respectively. Compound 7d was shown to interact amongst others with the same arginine and glycine functions as piperine whereas verapamil formed hydrogen bonds with the same arginine amino acid as well as an additional tryptophan function [27] . Sharma and colleagues used a similar method to prepare an Rv1258c model for docking of piperine analogues as discussed in more detail later in the review [26] .
Although not yet used clinically due to uncertainties relating to systemic side effects and drug-drug interactions with commonly used antimycobacterials, various authors have identified verapamil and verapamil analogues as good lead compounds for development of therapeutically useable EPIs.
Phenothiazine analogues
The phenothiazine class of compounds exhibit a wide range of therapeutic effects including antipsychotic, antiemetic, antihistaminergic and anticholinergic activities. Apart from these well-known effects, phenothiazines have also been evaluated for their anti-proliferative effect on various cell types as well as their ability to act synergistically with various chemotherapeutic agents [45] .
The chemical structures of chlorpromazine and thioridazine, as examples of the general phenothiazine structure, are given in Fig. (2) .
The polycyclic ring structure, which is important for the neurological action of the class, contributes to the lipophilicity of the compound and can be substituted with various groups on C-2 as well as the thiazine nitrogen to yield derivatives with varying therapeutic, and side effect profiles. A number of side effects including dyskinesia and extrapyramidal effects are commonly associated with these compounds but, when the intended therapeutic effect is antibacterial or chemotherapeutic synergism, any effect on eukaryotic cells may become an unwanted effect. The structure activity relationships for antipsychotic, calmodulin inhibitory, anti-proliferative and P-glycoprotein inhibitory activity of the phenothiazines were reviewed by Jaszczyszyn and colleagues [45] . Phenothiazine-type compounds are often designated as piperazine, piperidine or aliphatic phenothiazines based on the nature of the thiazine nitrogen substitution. Piperazine phenothiazines exhibit the strongest neuroleptic action with electronegative substitutions on C-2 further increasing the antipsychotic activity. The length of the carbon linker between the phenothiazine ring and the terminal nitrogen moiety influences the affinity of these compounds for the dopamine receptor but has also been linked to the calmodulin inhibitory activity of the phenothiazines. Calmodulin inhibition may play a role in the anti-proliferative and P-glycoprotein (P-gp) inhibitory activity of this class [46] . The C-2 substitution on the phenothiazine core, the presence of the lipophilic aromatic ring and the terminal amine function also seems to play an important role in calmodulin inhibition. Phenothiazine derivatives are weak bases which are mostly protonated at physiological pH. The amphiphilic nature of these compounds is important for their calmodulin inhibitory activity but may also play a role in their interaction with efflux pumps. The lipophilic cationic nature of the molecule also determines the degree of interaction with lipid membranes and thus influences the distribution patterns of the class [45] [46] [47] [48] .
Many authors are currently advocating for the inclusion of phenothiazines, more specifically thioridazine, in the treatment regimen for drug resistant tuberculosis (TB). Thioridazine has proven effective as an adjunct therapy in non-responsive MDR patients, and with careful management of its side effects, may become a valuable drug in the management of drug resistant TB [49] [50] [51] . Various therapeutically employed phenothiazines have been evaluated for antimycobacterial activity. Thioridazine and chlorpromazine demonstrate comparatively effective in vitro activity [52] but, as thioridazine presents a better side effect profile, most research efforts have focused on thioridazine and derivatives thereof [51] . It has been suggested that phenothiazines exert their activity through (1) enhancement of intracellular killing by macrophages, (2) direct antimycobacterial activity via various mechanisms as well as (3) modulation of the pathogen efflux activity thereby potentiating activity of co-administered antimycobacterials.
The mechanism of antimicrobial activity of the phenothiazines has been investigated by a number of researchers. Thioridazine may modulate mycobacterial cell envelope integrity as well as interact with enzymes and proteins involved in the electron transport chain and aerobic respiration of bacterial cells, thereby altering the energy metabolism of M. tuberculosis [53] [54] [55] . Antimicrobial activity may be due to one, or a combination of these actions and even though concentrations necessary for in vitro antimycobacterial activity is therapeutically unattainable, accumulation of phenothiazines in macrophages afford these compounds in vivo activity [47, 51, 56] .
Basic lipophilic drugs are known to accumulate extensively in tissues. This tissue accumulation is attributed to binding to phospholipids and accumulation in acidic compartments like lysosomes. The physicochemical properties of molecules as well as the phospholipid pattern and lysosome distribution of tissues determine which of the abovementioned methods are mainly responsible for the tissue accumulation [47] . Phospholipid binding results from an interaction of the basic functional groups of the molecules with the outward facing acidic moieties of the phospholipid layer [57] whereas lysosomal trapping is a function of the pH difference between the cytosol and lysosome. Amine containing neutral or weakly basic molecules in their unionised form diffuse across lysosomal membranes and become ionised in the acidic lysosomal environment. Protonation of these compounds limits passive diffusion across the lysosomal membrane and accordingly results in accumulation of the compound within the lysosome [47, 48] . The lipophilicity and acid dissociation constant of the various functional groups of drugs prone to lysosomal trapping will influence the amount and rate of accumulation within the lysosome. Chlorpromazine (Log P = 4.54, and pK a = 9.2 Chemaxon) and thioridazine (Log P = 5.47, and pK a = 8.93 Chemaxon) are prone to lysosomal accumulation and accordingly concentrate in macrophages which are rich in lysosomes [47, 56] . Small changes in physicochemical properties or intracellular conditions may result in significant changes in the degree of lysosomal accumulation. It may also be worth noting that lysosomal accumulation is energy dependent (proton gradient between cytosol and lysosome is maintained by ATP-dependent proton pumps) and the extent of the trapping will likely be influenced by drug-drug interactions at a cellular distribution level [47, 48] . As the build-up of these compounds in macrophages plays an important part in achieving sufficient concentrations for in vivo antimycobacterial activity, functional and physicochemical properties that allow for this accumulation must be considered when phenothiazines are derivatized for the purpose of improving antimycobacterial activity.
Various reviews on the activity of phenothiazines in mycobacteria mention that, apart from their direct antimicrobial action, phenothiazines promote intracellular killing of M. tuberculosis in macrophages [3, 34, 51, [58] [59] [60] [61] . Potentiation of intracellular killing is attributed to the ability of these compounds to modulate potassium and calcium transport to-and from the lysosome resulting in acidification of the lysosomal environment and subsequent killing of the bacteria [28, 34, 58] . Martins and colleagues demonstrated that various compounds that inhibit K + and Ca 2+ movement across membranes (e.g. verapamil and reserpine) have the ability to promote intracellular killing of MDR tuberculosis by non-killing macrophages. The authors subsequently suggest that this approach could be explored as an alternative method of managing mycobacterial infections [28, 58] . Targeting eukaryotic K + and Ca 2+ transport may result in host toxicity but accumulation of phenothiazines in macrophages affords these compounds a certain degree of selective toxicity as systemic concentrations could be maintained at concentrations below that which would result in unacceptable host side effects. The phenothiazine group may therefore be good lead compounds for drugs that promote intracellular killing of bacteria [58] 
In addition to the 2 antimycobacterial mechanisms described above, a number of studies report phenothiazine-mediated intracellular EB accumulation and antimycobacterial potentiation. These effects were attributed to possible efflux pump inhibitory activity by this group of compounds [28, 61, 62] . As mentioned previously, EB accumulation and potentiation of the activity or synergy observed with coadministered antimycobacterials may be due to effects other than efflux pump inhibition. A study by De Keijzer and colleagues quantitatively studied the proteome of M. tuberculosis and evaluated the accumulation of fluorescent dyes in cells of mycobacteria treated with thioridazine [55] . The authors suggest that increased cell wall permeability induced by thioridazine treatment may be the basis for the synergistic effect observed between thioridazine and various antimycobacterials. The study however also mentions that thioridazine may indirectly inhibit the activity of efflux pumps through reduction of energy available for active efflux as well as membrane mediated inhibition of efflux pumps resulting from the effect of thioridazine on mycobacterial cells. These mechanisms for efflux pump inhibition were also suggested by other authors [59, 61] . There have thus far not been any reports of a direct interaction of the phenothiazine-type compounds with mycobacterial efflux pumps and where these compounds inhibit efflux, it is likely through indirect modulation of efflux pump activity.
A recent study by Pieroni and colleagues used a ligand-based approach to design and synthesize thioridazine derivatives for the purpose of obtaining a compound with improved efficacy as an antimycobacterial adjuvant while limiting the side effects observed with thioridazine [23] . The nature of the heterocyclic ring was adapted to minimize neurological side effects while the N-methylpiperidine moiety was maintained, likely in consideration of efflux pump substrate affinity as well as basic amine related protonation in acidic lysosomes. The four derivatives that were selected for screening on M. tuberculosis all demonstrated reduced direct antimycobacterial activity, reduced toxicity towards human macrophages, good synergistic activity with various first and second line antimycobacterials in vitro, and potentiated the effect of rifampicin and isoniazid ex vivo at concentrations that were shown to be nontoxic to macrophages. The study also measured the effect of the synthesized compounds on EB accumulation and ultimately suggests efflux pump inhibitory activity as a mechanism for observed potentiation of antimycobacterials. This study is unique as it is the first report of rational design efforts aimed at the improvement of thioridazine for the purpose of enhancing its potential specifically as adjuvant antimycobacterial therapy. Positive results from this study show that with careful consideration of molecular properties required for activity and cellular distribution, it may be possible to use a ligand-based approach for the rational development of adjuvants for TB therapy, even in the absence of sufficient information relating to target or mechanism of action of the compounds.
Piperine
Piperine is the primary alkaloid responsible for the pungency of black pepper. The experienced pungency results from activation of highly calcium selective, vanilloidtype transient receptor potential cation channels (TRPV) [63] . Piperine is a piperidine derivative linked to a benzodioxole moiety via a 5-carbon linker. The ketone adjacent to the basic nitrogen of the piperidine moiety influences the protonation of the tertiary piperidine nitrogen at physiological pH. It has a predicted logP of 2.78 (Chemaxon) and is poorly soluble above 100 µg/ml, complicating its evaluation on the growth of microbes above this concentration [30] .
A plethora of therapeutic activities have been described for piperine and its derivatives [64, 65] . Amongst others, piperine non-competitively inhibits Pglycoprotein activity and is able to reduce the MIC of rifampicin and inhibit intracellular growth of M. tuberculosis [26, 30] . Piperine is reported to enhance the bioavailability of several unrelated pharmaceuticals and supplements through interference with drug absorption and metabolism [66] . The structure activity relationships for a number of these activities were recently reviewed [67] . Of particular interest to this review are the SAR for potentiation of ciprofloxacin activity (attributed to inhibition of the NorA efflux pump inhibitory activity) [26, 68, 69] and SAR for modulation of CYP450 enzyme activity. The NorA efflux pump is a MFS-type efflux pump in Staphylococcus aureus and as piperine has been shown to modulate both NorA and Rv1258c efflux activity [26] , it may be worth considering SAR for NorA EPI when designing piperidine derivatives aimed at EP inhibition in mycobacteria. SAR evaluations for NorA inhibitory activity have shown that the amide carbonyl is important for EP inhibition. The piperidine ring can however be replaced by various moieties on the amide nitrogen to enhance EPI activity. Substitutions containing electron withdrawing groups in this position also potentiate efflux inhibition. An unsaturated aliphatic chain seems to be important for EP inhibitory activity and the addition of alkyl chains, particularly ethyl and n-propyl, on C-4 further increases potency. The benzodioxole moiety was found to contribute to the NorA EP inhibition of these compounds [67] . Docking studies performed by Sharma and colleagues used a predicted 3D model of Rv1258c to model the interaction of piperine with this MSF-type mycobacterial efflux pump [26] . Docking predictions indicated that the ketone function in piperine may form a hydrogen bond with an arginine moiety within the suggested active site of the Rv1258c model. Several other interactions were also observed with various residues within this binding pocket. The authors suggest that the abovementioned hydrogen bond may contribute to the efflux pump inhibitory activity of piperine. As discussed previously, Singh and colleagues also used a model of Rv1258c to perform docking studies of reserpine, piperine, verapamil and verapamil analogues [27] . Apart from the verapamil binding interactions observed, their docking predictions also indicated possible hydrogen bond formation of the oxygen functions of the benzodioxole moiety of piperine with an arginine and glycine moiety in the putative binding site of Rv1258c. The authors suggest that hydrogen bonds may stabilize these proteininhibitor complexes.
Unfortunately, the ability of piperine to interact with P-glycoprotein [66] and CYP450 enzymes will likely result in indiscriminate drug-drug interactions with coadministered medication and is certain to complicate the use of piperine-type compounds as boosters of antimycobacterial activity. SAR evaluations for enzyme inhibitory activity have shown that the specific combination of the methylenedioxyphenyl ring, alkyl linker and basic piperine moiety plays an important role in enzyme inhibition. Altering one or a combination of these moieties influences enzyme inhibitory activity but can also alter selectivity towards either inducible or constitutive enzymes specifically. A detailed overview of SAR for rat hepatic microsomal constitutive and inducible cytochrome P450 enzyme activity is described in a paper by Koul and colleagues [70] and these activities could be considered to potentially minimize enzyme inhibition.
Thus, taking the above into consideration, rational drug design endeavours targeting selective prokaryotic efflux pump inhibitory activity of piperine derivatives may consider maintaining the hydrophobic portion of the molecule but also including various hydrogen bond acceptors in order to allow stabilization of the interaction of the molecule with the efflux pump. Excluding structural features that potentiate enzyme interactions but which are not essential for EPI activity may reduce the side effect profile and drug-drug interaction of derivatives.
Other structures of interest
Although limited data exists around the M. tuberculosis EPI activity and mechanism of potentiation of other antimycobacterials for the compounds discussed below, the potential for development of these structures into future EPIs and/or structural and bioactivity similarities with well described is EPIs warrant a brief mention in this review.
Berberine
Berberine (Fig. 3) shares a number of structural features with piperine and is an amphipathic, naturally occurring iso-quinoline-type alkaloid with antimicrobial properties. It is a well-recognized efflux pump substrate and it has been demonstrated that the intracellular concentration of berberine is increased, and antimicrobial effect potentiated, when it is co-administered with efflux pump inhibitors [71, 72] . Berberine however similarly, potentiates the effect of several classes of co-administered antibiotics [73, 74] . Potentiation of antibiotic effect may result from competitive inhibition of efflux. Direct antimycobacterial activity has also been reported for berberine and derivatives [75] thereby adding to the overall value of including these compounds as part of an antimycobacterial regimen. Oral bioavailability of berberine may however be problematic and the reported low plasma levels after oral administration is attributed to, amongst others, poor absorption from the GIT, extensive first pass metabolism in the intestine and P-glycoprotein mediated efflux [76] .
Tetrandrine
The natural bis-benzylisoquinoline alkaloid, L-type calcium channel and Pglycoprotein inhibitor, tetrandrine (Fig. 4) was able to reduce the MIC of isoniazid and ethambutol in clinical M. tuberculosis strains [77] . Similar to verapamil, tetrandrine contains hydrophobic planar aromatic rings as well as tertiary nitrogens of which at least one will likely be protonated at physiological pH. These moieties have been identified as important structural features of P-gp mediated MDR reversing agents [77] . Tetrandrine may therefore modulate mycobacterial efflux pump activity via a similar mechanism as verapamil.
Reserpine
Reserpine is classified as an indole-type alkaloid with antipsychotic and antihypertensive properties. It is however rarely used therapeutically due to its extensive side effect profile. Reserpine binds irreversibly to the vesicular mono-amine transporter membrane protein to block the transport of monoamine neurotransmitters [78] . Calcium channel antagonism has also been described for this compound [79] . Reserpine is able to inhibit efflux mediated by a variety of classes of efflux pumps and various studies have demonstrated that reserpine is able to reduce the MIC of-or increase mycobacterial susceptibility to a number of antimycobacterials [80] [81] [82] [83] [84] . It has been reported that reserpine mediates efflux via an interaction with glycine residues within the MFS-type, Bacillus subtilis efflux pump (Bmr) [85] .
Timcodar
It was recently demonstrated that timcodar is able to increase the potency of rifampicin, bedaquiline and clofazimine in vitro, ex vivo and in vitro. The authors suggest that this potentiation likely results from a combination of bacterial and hosttargeted mechanisms [86] . Timcodar and biricodar are 3 rd generation modulators of Pgp and multidrug resistance proteins (MRPs) evaluated as enhancers of cancer therapy [87, 88] . Timcodar is highly lipophilic (log P = 6.87 chemaxon) with none of the tertiary nitrogens likely to be protonated at physiological pH. Despite biricodar entering phase II clinical trials in 1998, neither of these compounds has received FDA approval as adjunctive therapy in cancer chemotherapy.
PAβN
Phenylalanyl arginyl β-naphthylamide (PAβN) is a peptidomimetic EPI primarily reviewed for its activity on RND-type efflux pumps. The compound contains a guanidine moiety which will likely be protonated, as well as a number of primary amines which may be protonated to some extent at physiological pH. The development of PAβN and derivatives into therapeutic agents has been complicated by pharmacokinetic and toxicity problems experienced with this class. PAβN was identified as a lead compound from a large-scale screening of small molecules and a number of subsequent derivatives were made with the goal of improving activity, serum stability and toxicity profiles of the group [25, 89] . Compared to verapamil and thioridazine, PAβN has not been as extensively evaluated for mycobacterial EPI activity. Balganesh and colleagues constructed M. tuberculosis knockout (KO) mutants of a number of efflux pumps from various efflux pump families and demonstrated that, when incubated with PAβN over the course of a few days, it was able to reduce the MIC of a pyrazolone-type compounds in the wild type but also to a lesser extent the KO mutants [90] . Their results indicate that the MIC reduction brought on by PAβN is likely due to inhibition of efflux activity. The ability of PAβN to still influence the MIC in the various KO mutants may however point to indiscriminate inhibition of a number of efflux pumps and/or contribution of an additional potentiation mechanism. After recent reports of outer membrane permeabilizing activity by PAβN [91] , a study by Misra and colleagues employed real-time efflux assays to distinguish between efflux inhibition and membrane activity. The study concluded that the main mechanism of action of PAβN is inhibition of efflux activity followed by a delayed and weaker membrane destabilizing action likely observed after prolonged incubation of cells with PAβN. The authors do however mention that the cell wall permeabilizing activity of PAβN may be amplified in cells not sufficiently expressing efflux pumps [92] . These results may shed some light on the activity of PAβN as observed on knockout mutants of efflux pumps from various EP families as observed by Balganesh [90] . PAβN and derivatives are believed to competitively inhibit efflux of several substrates of RNDtype efflux pumps to varying degrees depending on their exact binding pocket in the transporter protein. A comprehensive review on the mechanism of efflux inhibition of RND-type efflux pumps describes efforts to maximize activity and reduce toxicity of this class of compounds in gram negative bacteria [25] . The basic moieties on the structure that were shown to be important for efflux inhibitory activity of this class also afford unfavourable pharmacokinetic properties and increased toxicity to these compounds and PAβN is therefore primarily used in efflux assays with little prospect of being developed into a therapeutic agent [25, 89] .
Spectinamides
Spectinomycin (Fig. 5) is an antibiotic with structural similarities to the aminoglycoside antibiotics. The 1,3-diaminoinositol pharmacophore is uniquely linked to a sugar moiety to form tricyclic-type structure. It demonstrates strong bacterial ribosomal affinity with resulting inhibition of bacterial protein synthesis. It binds selectively to the bacterial ribosomal subunit and therefore does share the toxicity profile of the standard aminoglycoside antibiotics. The unexpectedly low antimycobacterial effect of spectinomycin is attributed to extensive efflux by the Rv1258c efflux pump [16] . Lee and colleagues were able to design spectinomycin analogues that are able to circumvent active efflux by substituting the ketone function on the sugar with various amide carbonyl-linked functional groups. Pyrrole and piperidine rings, particularly halogen substituted piperidine analogues seem to demonstrate the most promising antimycobacterial and efflux pump circumventory activity [16] . These spectinamide derivatives demonstrate good affinity and selectivity for the bacterial ribosome with significantly improved antimycobacterial activity compared to the original spectinomycin molecule. Subsequent research by this group established that the lead spectinamide derivative 1599 (Fig. 5) is able to reduce the MIC of various co-administered antimycobacterials [93] . The researchers observed that co-administration of 1599 did not potentiate the activity of spectinomycin. This would suggest that the ability of 1599 to circumvent EP-mediated resistance is not due to inhibition of Rv1258c efflux as EP inhibition would have resulted in improved activity of spectinomycin when co-administered with 1599.
9. P-plycoprotein transport inhibitors P-gps are well characterized transmembrane ATP-type transporter pumps that modulate transport of a large variety of substrates in the intestine, liver, kidneys and across the blood brain barrier amongst others [94] . P-gp transporter pumps influence the distribution and toxicity profiles of a broad range of compounds and their overexpression in certain cancer cells made modulation of these, and other similar pumps attractive targets to improve the efficacy of chemotherapy. Various P-gp inhibitors, of which verapamil was one of the first, were characterised and developed in an attempt to modulate the effect of efflux through these transporter pumps. The wide distribution and large range of physiological functions of P-gp pumps as well as the non-specific substrate recognition observed with these efflux proteins, however resulted in unpredictable effects and numerous drug-drug interactions. To better predict the likelihood of inhibition of P-gp pumps and aid rational drug development of more specific P-gp inhibitors, various structure activity relationship studies were undertaken, and numerous models developed to predict substrates and inhibitors of this efflux pump type.
In silico prediction of substrates and inhibitors of P-gp activity is complicated by the promiscuous substrate recognition as well as a multifaceted molecule-transporter pump interaction profile which could include competitive as well as non-competitive inhibition or modulation [95] . A recent article by Montenari and collegues reviewed current advances in prediction of ABC-transporter substrate and inhibitor interactions [96] . The authors report that structure activity relationships for P-gp interaction have been described for a range of diverse molecular scaffolds and suggest that this may point to local effects or binding sites unique to the type of scaffold within the P-gp pump. The suggested structure activity relationships often relate to general physicochemical properties of the molecule which may include lipophilicity, the presence of aromatic rings, functional groups that may become charged and the ability of the molecule to form hydrogen bonds. The authors also state that a clear set of rules for the molecular basis for molecule-pump interaction is yet to be established and that there is currently no definitive guide to aid the rational development of P-gp inhibitors or modulators [96] .
Research published by Broccatelli and colleagues in 2011 [97] demonstrated the importance of considering both specific (related to the pharmacophore) and nonspecific (general physicochemical/ADME) descriptors when predicting P-gp inhibition. The authors also note that molecules which may non-competitively inhibit P-gp efflux for example flavonoid and steroid type molecules require special consideration when attempting to predict P-gp inhibition in silico. Through a combination of model types that consider specific as well as general properties, the authors were able to predict P-gp inhibition with a good degree of accuracy. For competitive inhibition, the size, shape and flexibility of the molecule, the presence of a large hydrophobic area and at least one hydrogen bond acceptor as well as Log P of the molecule, seem to be strong predictors of inhibitory activity. The authors noted that a log P of less than 2 was a strong indicator of a non-inhibitor. Similarly, the role of nitrogens able to accept or donate hydrogens depending on the environment, was also highlighted as an important consideration of P-gp activity. For non-competitive inhibition (e.g. flavonoid and steroid-type molecules), size and flexibility seem to play a lesser role in predicting activity [97] .
P-gp activity would most likely be an undesirable trait for efflux pump inhibitors targeting bacterial efflux pumps and it would be pertinent to consider, and where possible minimise, molecular properties that increase the likelihood of P-gp modulation. Due to the large variety of substrate and inhibitor scaffolds as well as the variable binding sites within the P-gp pump, the guidelines for predicting P-gp interaction are relatively vague. Consideration of the specific chemical scaffold as well as whether competitive or non-competitive (e.g. piperine) inhibition would be more likely for the structure under investigation would allow the design of a molecule that might be less likely to interact with P-gp pumps.
Conclusion
Ever increasing levels of drug resistance in M. tuberculosis necessitates novel approaches in utilization of available treatment options as well as in the design of future antimycobacterials. Apart from effectively targeting the pathogen, approaches to drug therapy of M. tuberculosis should centre around 1) preventing development of resistance, 2) overcoming current resistance and 3) developing future antimycobacterials that are less prone to the development of resistance.
Efflux pump activity in M. tuberculosis contribute to low level antimycobacterial resistance as well as the development of high level resistance through reduction of intracellular antimycobacterial concentrations. Inhibition of efflux activity is therefore an attractive target to overcome and prevent development of resistance to antimycobacterials. Various Mycobacterial EPIs are described in literature. Therapeutic use of these EPIs are however hampered by their side effect profile and unpredictable drug-drug interactions resulting from inhibition of mammalian transporter pumps and ion channels, amongst others.
Rational drug design endeavours have the potential to yield safer therapeutic EPIs with improved pharmacokinetic and pharmacodynamic properties. Knowledge relating to the mechanism of action and molecular target of the inhibition of efflux is however central to the rational drug design approach. Surprisingly little is known about the target site or even mechanism of action of EPIs in mycobacteria. The aim of this review was therefore to examine what is known about the molecular properties and mechanism of action of a range of compounds that have been identified as putative EPIs in M. tuberculosis and highlight key considerations for the design of compounds for the purpose of minimizing efflux of antimycobacterials.
From the literature it is evident that the term efflux pump inhibitor is not necessarily indicative of a compound that directly binds to an efflux pump in order to inhibit efflux. Most studies investigating efflux pump inhibitory activity measure one or a combination of factors that may result from efflux pump inhibition by the compound under investigation. As a matter of fact, binding to efflux pumps is rarely demonstrated. The lack of crystal structures for efflux proteins in M. tuberculosis hampers in-depth investigation into possible binding of EPIs to efflux pumps and researchers have thus far resorted to homology modelling to predict binding interactions of a handful of putative EPIs.
Apart from biological inhibition of efflux pump expression, efflux can be inhibited by direct interaction with the efflux pump or through interference with the energy source required for active efflux. Depending on the efflux pump family, efflux pumps rely on PMF or ATP-based energy to effect active efflux. Any compound that interferes with the availability or effective utilization of cellular energy could thus potentially inhibit efflux pump activity. In fact, interference with energy availability is a popular theory for themechanism of efflux inhibition for various classes of EPIs. Not only protonophores, but any compound that interferes with the electrical of chemical gradient across the bacterial cell wall has the potential to reduce energy available for cellular functions. Amongst these are any compounds that interfere with the movement of ions across cell membranes for example verapamil and other calcium channel blockers as well as phenothiazine-type compounds. There seems to be consensus amongst authors that the phenothiazine class effects efflux inhibition through mechanisms other than a direct interaction with efflux pumps. Limited information and varied opinions however exist regarding the mechanism of efflux inhibition for other EPIs. It is possible that certain EPIs could inhibit efflux via an energy dependent or direct binding mechanisms, or a combination thereof, depending on assay conditions. It is clear from this review that there is limited information available relating to the mechanism of action of any of the classes of putative EPIs in mycobacteria. Rational drug design efforts will therefore have to draw on information available for a particular type of EPI in other cell types, explore ligand-based drug design routes and consider employing homology models of the target efflux pump to predict binding interactions and thereby molecular requirements to maximise ligandprotein interactions.
In addition to good efflux inhibition, selective toxicity of EPIs should be a key consideration in the rational design of therapeutically safe EPIs. Achieving sufficient selective toxicity with compounds that afford efflux inhibition via a reduction in cellular energy may be difficult due to similarities in energy generation and utilization across cell types. Lysosomal accumulation of the phenothiazine-type compounds allows for the use of this class despite host side effects as accumulation in macrophages allow for the use of much lower doses than would normally be required to affect antimycobacterial activity. Any compounds designed to target the availability of energy for active efflux should accordingly prioritize selectivity over activity if compounds are to be used therapeutically. Similarly, where a direct interaction with efflux pumps is targeted, this interaction should be selective towards prokaryotic efflux pumps. Interactions with the P-gp efflux pumps for example, will complicate use of EPIs as these interactions are likely to result in drug-drug interactions and unpredictable plasma levels of any co-administered medication. P-gp inhibitory activity is relatively common with putative bacterial EPIs and has been described for verapamil, piperine, timcodar, tetrandrine and reserpine amongst others. This is not surprising as there seems to be a good degree of overlap between molecular properties that increase recognition by bacterial as well as mammalian efflux pumps. These characteristics include a higher Log P, distinct hydrophobic and hydrophilic areas within the molecule, the presence of atoms like basic nitrogens which may become charged and the ability of the molecule to form hydrogen bonds. In addition to P-gp inhibitory activity, a tendency to modulate mammalian ion channel activity also seem to be a common trend across numerous classes of compounds for which prokaryotic EPI activity has been described. Verapamil, tetrandrine, reserpine and the phenothiazine class compounds, amongst others, all demonstrate ion channel inhibitory activity. The ability of these compounds to block efflux pumps may however not necessarily be linked to their ability to block ion channels as is observed with R-verapamil and norverapamil which are able to maintain their capacity to reverse drug tolerance despite their reduced cardiac activity when compared to verapamil. In order to minimize side effects and reduce drug-drug interactions, molecular properties that potentiate interactions with host transporter pumps, ion channels and enzyme systems should be considered throughout the drug design process.
Efflux pumps likely recognise potential substrates based on their physicochemical properties in addition to their molecular structure. This likely contributes to the indiscriminate efflux of a range of structurally diverse compounds by a single efflux pump type. To afford a compound efflux antagonism via competitive interaction with an efflux pump, the potential antagonist would likely have to share similar features to efflux pump substrates in order to gain entry or get into close proximity to the substrate binding pocket within the efflux protein. Once access to the binding pocket is attained, binding interactions with residues within the pocket should be of a more permanent nature than the substrate if anything more than purely competitive inhibition is to be achieved. The presence of moieties which are able to form hydrogen bonds may increase binding affinity of the putative EPI. Research suggests that efflux pumps preferentially transport compounds with clear hydrophilic and lipophilic regions and in a similar fashion, many putative EPIs also share this amphiphilic nature. Verapamil with its tertiary amine which is protonated at physiological pH is an example of this. It may therefore be useful to examine the molecular properties of known efflux pump substrates when embarking on rational drug design of an efflux pump inhibitor targeting a particular efflux pump(s). This approach may however not apply to compounds which act as non-competitive inhibitors of efflux.
The strategies mentioned above describe the rational development of EPIs that would likely be used in combination with an antibiotic which is a substrate for efflux pump(s). An alternative approach to employing EPIs in a polypharmacy approach is to design new, or adapt current antimycobacterials to naturally circumvent efflux. This was achieved with the spectinomycin antibiotics through altering the physico-chemical properties that increase the likelihood of compounds being recognized as efflux pump substrates. Alternatively, strategies that increase cell wall permeation of compounds also has the potential to increase the intracellular concentration of antimycobacterials to concentrations above the extrusion capacity of efflux pumps. The addition of bulky polycyclic moieties to current or new antimycobacterials may reduce the effect of active efflux by decreasing the substrate fit within the efflux pump as well as through increased penetration into the mycobacterial cell by means of the increased lipophilicity afforded by the addition of these lipophilic moieties. Hybrid compounds as an alternate to the polypharmacy approach may also have several, particularly pharmacokinetic, advantages over co-administration of EPIs with antimycobacterials.
Circumvention of efflux-based resistance remains an attractive strategy to improve the therapeutic management of mycobacterial disease. Even though this field has been explored for quite some time, the side effect profiles and unpredictable drug-drug interactions observed with possible EPI candidates has thus far precluded the therapeutic use of these compounds. Rational drug design may offer a solution to this problem through consideration of molecular properties that may increase selectivity of drug candidates for bacterial efflux pumps or afford selective toxicity through various other mechanisms. With limited information available regarding the mechanism of action and/or binding site of EPIs, the medicinal chemist will have to draw information from various sources and employ a combination of strategies to enable rational drug design of therapeutic EPIs.
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